We demonstrate an achromatic metalens with a constant focal length over 60 nm bandwidth (λ= 490 nm to 550 nm). We also design metalenses with reverse chromatic dispersion, opposite of a Fresnel lens.
Introduction
Metasurface [1] is an emerging type of planar optics that enables control of optical wavefront with sub-wavelength spatial resolution. Its ultra-thin planar configuration and the ability to realize multifunctional devices allow for potential applications in numerous fields including imaging, spectroscopy, holography and beam steering. High numerical aperture (NA) high efficiency metalenses in the visible with diffraction-limited focusing and subwavelength imaging resolution have been recently reported [2] . Despite the high performance, they suffer from chromatic aberration, which limits the operation bandwidth. Multiwavelength achromatic metalenses have been demonstrated to eliminate chromatic aberration at several discrete wavelengths [3] , but achromatic metalenses that can operate over a continuous bandwidth remain challenging. Here, we present reflective achromatic metalenses (AML) over a 60 nm bandwidth in the visible (λ=490nm-550 nm) with a numerical aperture NA=0.2. This is accomplished by dispersion engineering of the AML's phase shifter. To demonstrate the versatility of our approach, we also design a metalens with reverse chromatic dispersion where the focal length increases with wavelength.
Results and discussion.
The schematic of the AML and its phase shifter are shown in Figure 1 (a)-(c). The phase shifter consists of 600 nm tall titanium dioxide (TiO 2 ) nanopillar on a 180 nm thick silicon dioxide (SiO2) spacer layer above a metallic mirror. In order to achieve an AML, one needs to simultaneously satisfy target phase profiles across a desired bandwidth. For most of metalenses design, the mapping between phase shift and phase shifter structural geometric parameter is usually one-on-one, assuming 0-2π phase coverage. In this case, upon satisfying the target phase profile at one wavelength, one does not have control over the phases at other wavelengths. This causes the intrinsic chromatic aberration of these metalenses. To break away from this limitation, the key concept in designing AML is to expand this mapping from one-on-one to one-to-many, that is, multiple-2π phase coverage. A multiple-2π phase coverage provides many choices of phase shifter that implement the same phase at a given wavelength but give rise to different phases at other wavelengths ( Fig. 1(d) ), enabling the possibility to fulfill the target phase profiles simultaneously at all wavelengths. Following this design principle, we engineered the phase shifter structure to achieve an optimized phase coverage. This is done by working in reflection mode, and coupling to guided mode resonances [4] . The former effectively doubles the optical path, and the latter introduces anomalous dispersion of the phase shifter and further increases the phase coverage. Together these two effects result in an expanded phase library with more than five times 2π phase coverage, offering great flexibility in the chromatic dispersion engineering of the AML.
We fabricated an AML with NA=0.2, diameter=200μm, and an operating bandwidth of 60 nm (λ= 490 nm to 550 nm). The AML was fabricated by first depositing a 110 nm thick aluminum layer on a fused silica substrate using electron beam deposition, followed by plasma enhanced chemical vapor deposition of a 180 nm thick silicon dioxide on top. Finally, the titanium dioxide nanopillars were fabricated using the method described in [5] . The scanning electron microscope image of a fabricated AML is shown in Figure 1(e) . Figure 2(a) shows the measured intensity profile of the reflected light by AML in the xz-plane around the focal spots for various wavelengths across the AML operating bandwidth. As the wavelength changes from 490 nm to 550 nm, the focal length remains almost unchanged. The measured focal length shift is 1.5% of the average focal length (485 μm). To compare the performance with metalenses without dispersion engineering, we fabricate geometric-phase based metalens (GML). The GML is designed at λ=532 nm and has the same numerical aperture as the AML. The measured focal length shift is 54 μm (11.3%) for the GML over the same bandwidth. It is clear from Figure 2 (b) that the focal length of the AML is nearly flat within the design bandwidth in both simulation and experiment, whereas the GML exhibits strong chromatic aberration. Figure 2(d)-(f) show the intensity profiles in the xy-plane at the averaged focal distance, z=485μm. These intensity profiles resemble the corresponding near diffraction-limited focal spots (Fig 2(g)-(i) ), in accordance with the small change of focal length. To further proves the flexibility and effectiveness of our dispersion engineering technique, we also propose a metalens with reverse chromatic dispersion, that is, the focal distance increases with increasing wavelength (Figure 2(c) ).
In conclusion, we demonstrated tailored chromatic dispersion engineering of metalenses. Specifically, we showed theoretically and experimentally achromatic focusing over 60 nm bandwidth in the visible, and a metalens with reverse chromatic dispersion in simulation. By combining two metalens layers, we potentially can extend this approach to achieve achromatic metalens for white light illumination, opening up numerous opportunities for a wide range of applications in imaging, microscopy, and spectroscopy.
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